Abstract: Most agricultural reservoirs in Korea are more than 50 years old, have low water depth and storage capacity, and have experienced contaminant deposition for decades. Contaminated sedimentation on the reservoir bottom can cause water pollution and eutrophication. Consequently, intervention is required to remove and manage the sediments. We analyzed the release characteristics of organic matter and nutrients from sediments of four reservoirs to predict the pollution caused by sediment release and investigated their effects on water quality. Additionally, the effects of sediment release were compared with those of influent pollutant loads to the reservoirs. We employed the core culture method to determine the release concentrations changes under oxic, anoxic, and control conditions in the collected sediments. In all the studied reservoirs, the release concentrations of nitrate nitrogen increased under oxic conditions and those of ammonia nitrogen, total phosphorus, and phosphate phosphorus increased under anoxic conditions. The water quality was affected by sediment release from the reservoir bottom. The release fluxes (internal sources) of total nitrogen and total phosphorous for the influent pollutant loads (external source) were 2.3-43.7% and 24.9-48.1%, respectively, for each reservoir. Therefore, optimal pollution control and management strategies will depend on the characteristics of individual reservoirs.
Introduction
Most of the approximately 17,500 agricultural reservoirs in South Korea are old, with 69.4% constructed more than 50 years ago and 51.7% of these even predating 1945. Furthermore, the water depth in these reservoirs is generally as low as less than 10 m. Inflow and deposition of both point and nonpoint source contaminants have continued for decades, leading to the accumulation of contaminants in the reservoirs. Most reservoirs have continual sediment contamination problems because they are not dredged or the incoming pollution is uncontrolled. Sedimentation of such contaminants at the bottom of agricultural reservoirs can cause water pollution and eutrophication, thus affecting the water quality because of physical and chemical changes [1, 2] . Consequently, there is an urgent need to remove and manage such contaminated sediments.
Sediments are repositories for physical and biological debris, and serve as sinks for a wide variety of chemicals [3] . Moreover, a reservoir water column and sediments constitute the basic elements of the aquatic system, forming its benthic habitat. Although contaminated sediments are present in the water column, most pollutants originate from terrestrial sources [4, 5] . To investigate the migration of sediments flowing through various routes and physical properties in sediments [6] , several studies of sediment transport mechanics have been conducted on the spatial and temporal migration of sediments [7] [8] [9] [10] . Depending on the environmental conditions, sediments can store and discharge nutrients, and therefore play an important role in the circulation of materials in the aquatic environment [11] .
After pollutants have been introduced and deposited as sediments, they adversely affect the water quality and aquatic ecosystems as organic matter is decomposed by microorganisms, threatening the survival of the benthos [9, 12] . Further, early diagenesis in sediments and the movement of materials between sediments and the water body directly and indirectly affect water quality [13, 14] . Depending on the environmental conditions of the interface between the sediments and water column, the released nutrients could arise from internal pollution sources containing nitrogen and phosphorus [15] . Therefore, even if the external pollution sources were eliminated, the nitrogen and phosphorus concentrations in the water could remain high [16, 17] .
Under oxygenic conditions, aerobic microorganisms decompose organic matter using oxygen as an electron acceptor [18, 19] . Anaerobic metabolism occurs sequentially, resulting from microorganisms that use nitrate, manganese oxide, iron oxide, and sulfate as electron acceptors [1] . In sediments, dissolved inorganic nutrients newly formed by the organic decomposition process accumulate in the pore water, which can gradually be differentiated from the overlying water [20] . As a result, nutrients migrate from the sediments to the water layer by molecular diffusion. In addition, dissolved nutrients can be exchanged between pore water and upper water through various routes such as advection and benthic activity [21] .
Most previous studies have examined the changes in nutrient and heavy metal concentrations in the pore water and overlying water of sediments in river or marine systems, and have measured diffusion flux under constant conditions [12, [22] [23] [24] . However, depending on the source of the influent pollution, the characteristics of the deposited pollutant differ, thus affecting the release of organic matter and nutrients at the sediment-water interface [11] . Therefore, it is important to analyze the release rate depending on the pollution source because it affects the rate and fluxes of release from the sediment to the water layer depending on the movement of deposited organic matter and nutrients [13] .
The purpose of this study is to add to the knowledge in this field in the South Korean context by analyzing the effects of sediments on the water quality in agricultural reservoirs after considering the characteristics of the sediments relevant to the year of reservoir construction and type of contaminant source, such as sewage or livestock pollution sources. Since external pollutants are the source of sediment accumulation, the analyzed rate and release fluxes are compared with the influent pollutant loads. Additionally, we studied the effects of water pollution caused by the release of contaminants from sediments according to the physical and chemical changes in the sediments. The results of this study will contribute to the management of sediments and improvement of water quality in the studied agricultural reservoirs according to their respective characteristics. This is the first study to conduct research in this context on these four reservoirs in Korea.
Materials and Methods

Study Area
Our study area in South Korea comprised four typical agricultural reservoirs known to be contaminated by high concentrations of organic matter. The study sites were selected according to the pollution sources and construction years. While the effective storage capacity (see the note below Table 1 for the definition of this term) of the reservoirs was similar, each reservoir was characterized by different pollution sources and was constructed in a different year. Specifications such as the location, year of construction, and other relevant parameters of each reservoir are shown in Figure 1 and Table 1 . Two of the investigated sites were labeled I (constructed before 1960) and E (constructed after 1960), and both types were affected by sewage pollution sources. The other two sites were labeled Y (constructed before 1960) and G (constructed after 1960), and both were affected by livestock pollution sources. Furthermore, by analyzing the characteristics of the sediments, we studied their effects on water quality. Field surveys were conducted from April 2015 to November 2016, except during the period December-March, when the water was frozen.
A study conducted by the Rural Research Institute in 2015 [25] to identify the sources of agricultural reservoir pollution in South Korea found the major pollution sources to be livestock (46.6%), sewage (41.4%), runoff from land (11.5%), and others (0.5%). Pollution from livestock mainly comprises discharge of animal manure and pesticide application in rural areas. Sewage pollution sources refer to pollutants generated by residents/businesses, and primarily consist of food waste, household waste oil, and sanitary waste discharged from homes and restaurants. Run-off from land contributes to non-point pollution and includes unspecified non-point pollution from cities, roads, farmland, and mountains [26] . This study aimed to analyze two major pollution sources, namely, livestock and residential/commercial, in the four contaminated agricultural reservoirs.
The measured mean water depth at the study sites was less than 5 m, and the basin areas and benefit areas (see the note below Table 1 for the definitions of these terms) were quite similar, except for that of one reservoir (reservoir I). [25] to identify the sources of agricultural reservoir pollution in South Korea found the major pollution sources to be livestock (46.6%), sewage (41.4%), runoff from land (11.5%), and others (0.5%). Pollution from livestock mainly comprises discharge of animal manure and pesticide application in rural areas. Sewage pollution sources refer to pollutants generated by residents/businesses, and primarily consist of food waste, household waste oil, and sanitary waste discharged from homes and restaurants. Run-off from land contributes to non-point pollution and includes unspecified non-point pollution from cities, roads, farmland, and mountains [26] . This study aimed to analyze two major pollution sources, namely, livestock and residential/commercial, in the four contaminated agricultural reservoirs.
The measured mean water depth at the study sites was less than 5 m, and the basin areas and benefit areas (see the note below Table 1 for the definitions of these terms) were quite similar, except for that of one reservoir (reservoir I).
Reservoir Latitude Longitude
Reservoir Y N 36°85′57.8″ E 127°87′94. 
Bottom Water and Sediment Quality
Sediment sampling at the study sites was performed after considering the depth, location of inflow water, and water pollution conditions. Sampling was conducted more than three times at two to three points exhibiting typical sedimentation characteristics, after which the samples were mixed to obtain one sample. The samples were refrigerated in polyethylene bottles and transported to the laboratory, where the particle size distribution for soil texture, pH, loss on ignition (LOI), total nitrogen (TN), and total phosphorus (TP) were analyzed using the relevant analysis methods for soil and plants [28] .
Water sampling was conducted more than three times at two to three points, exhibiting representative water quality of the reservoir bottom. Next, the samples were mixed to obtain one sample. The water depth was collected 0.5 m above the bottom of each reservoir. Water quality parameters, such as water temperature, pH, electrical conductivity (EC), dissolved oxygen (DO), and TP, at the reservoir bottom were investigated at intervals of three months. In the laboratory, samples were analyzed at 4 • C or lower, and the results are listed in Table 2 . When water sampling was difficult due to the situation in the field, some of the water quality data from the Agricultural water monitoring reports [26] and Rural Water Information System (RAWRIS) [27] were utilized. The water samples from the reservoirs were analyzed in situ for temperature, pH, EC, and DO by using a portable meter (Hydrolab DS5: Hach Company, Loverland, CO, USA), and standard methods were followed to analyze the water samples [29] . Chemical oxygen demand COD (KMnO4) obtained the concentrations of organic and oxidizable inorganic substances in the sample oxidized using potassium dichromate in 50% sulfuric acid solution at the reflux temperature. Suspended solids (SS) were measured by filtering the water sample through a preweighed glass fiber filter (Whatman 1822, GF/C ø 47 mm). Further, TN and TP were analyzed using an automatic water quality analyzer (SYNCA, BRAN + LUEBBE TEC., Norderstedt, Germany). Each measurement was tested for accuracy with a certified reference material, and the recovery was measured to be 90-110%. The water samples were collected carefully to avoid disturbing the sediments. The water depths at all the sites were less than 5 m. The measured DO was 1.3-10.8 mg/L, with water temperature ranging from 4.0 to 29.8 • C and pH ranging from 5.8 to 9.3, depending on the season. This means that anoxic conditions could exist in the reservoirs even at low water depths. The concentration of COD was high at the water surface (not shown here), whereas those of TN and TP were high in the bottom water. The physical and chemical properties of the sediments from the study sites are presented in Table 3 . The soil textures of the sediments from all study sites showed similar characteristics (namely, Silty Clay Loam or SiCL). The texture classes are typically displayed in what is known as the United States Department of Agriculture (USDA) texture triangle [30] . Our analysis showed that the fraction of fine particles below 63 µm was greater than 70%. After precipitation of the organic matter, the sediment surface layer is expected to show texture characteristics similar to that of soil formed by oxidation and deposition processes. The results of previous studies indicate that the nutrients released from sediments into the overlying water correlate highly with the particle size of the sediments, and that the higher the fine particle content (e.g., clay), the greater the release of nutrients. This is because phosphorus is adsorbed weakly onto the surface of fine particles such as clay and can therefore move easily into the water because of the weak binding force [31] . LOI and TN in sediments of reservoirs Y and G, which are affected by livestock pollution, were higher than the corresponding values for reservoirs I and E, which are affected by sewage pollution. TP, on the other hand, was not significantly affected by the type of reservoir pollution source. Further investigation is thus required for an accurate correlation analysis. Furthermore, the older reservoirs (Y and I) typically showed high pollution levels for each analyzed parameter.
Sediment Release Analysis
Various environmental conditions and factors affect the release of organic matter and nutrients at the sediment-water interface. Physical, chemical, and biological processes, such as the composition of sediments, oxygen concentration in the water, oxidation-reduction state of sediments, water temperature, sediment temperature, amount and quality of deposited organic matter, community structure of benthic organisms, and water depth, are involved in the migration of organic matter and nutrients between the sediments and water column. In the current study, release analysis was conducted using the core culture method, which is easier than conducting field measurements and can be tested relevant to the conditions in the laboratory. The core culture method allows one to control and study different environmental conditions and therefore has been used in various studies. The use of this experimental method in migration studies on sediments in low water depth conditions has been reported to return reliable results comparable to field measurements [32, 33] .
In this study, we used the laboratory core incubation technique, that is, culturing sediments for a certain time period, to measure the concentration change over time, and the results were applied toward further calculations. This method facilitates the measurement of concentration changes in dissolved matter in surface sediments of a certain area and in water column of a certain volume over time. It also allows the calculation of concentration changes in matter deposited on the sediments or released from them. The reservoir samples for the release analysis were sampled in April, and not for the agricultural water supply period, for the stable sampling in the field; the experiment was conducted twice to reduce the error of the sediment experiment procedure. An acrylic reactor was constructed for the release analysis of the reservoir (field) water ( Figure 2 ). To prevent air inflow from the atmosphere, a rubber plate and an acrylic cover were used to seal the upper part of the reactor. The reactor lid consists of an inlet for air and nitrogen, as well as an inlet to measure dissolved oxygen and water temperature in real time to match experimental conditions. The reactor was shaded to control oxygen production by algae photosynthesis and to observe only those concentration changes due to the inherent deposition of sediments. The experiments were performed under oxic and anoxic conditions, and a control test was used to measure concentration changes in field water without changing any other conditions. Table 4 shows each experimental condition for the release rate analysis. Before the release analysis, the site sediment samples were stabilized by pre-incubation for three to five days. This process allows the microorganisms in the sediments to adapt to the experimental conditions before the experiment commences, reverting them to a state similar to that at the original site. The reactor was maintained at room temperature (20) (21) (22) (23) (24) (25) • C) and the DO concentration was maintained at 5-7 mg/L for the oxic condition. Anoxic conditions were achieved by continuous injection of nitrogen gas after sealing to prevent the entry of oxygen into the reactor. Changes in the concentration of DO play an important role in the release characteristics of nutrients as they modify the oxidation-reduction conditions in the water [18] . Therefore, this experiment was performed by observing changes in the DO concentration. The supernatant sample was collected immediately after stabilization (day 0), after which oxygen and nitrogen gases were injected, and 10 mL of the supernatant sample was collected on days 1, 2, 3, 4, 6, 8, 10, and 12. This sample was filtered with a 0.45-µm filter syringe and refrigerated at 4 • C until analysis. conditions, and a control test was used to measure concentration changes in field water without changing any other conditions. Table 4 shows each experimental condition for the release rate analysis. Before the release analysis, the site sediment samples were stabilized by pre-incubation for three to five days. This process allows the microorganisms in the sediments to adapt to the experimental conditions before the experiment commences, reverting them to a state similar to that at the original site. The reactor was maintained at room temperature (20-25 °C) and the DO concentration was maintained at 5-7 mg/L for the oxic condition. Anoxic conditions were achieved by continuous injection of nitrogen gas after sealing to prevent the entry of oxygen into the reactor. Changes in the concentration of DO play an important role in the release characteristics of nutrients as they modify the oxidation-reduction conditions in the water [18] . Therefore, this experiment was performed by observing changes in the DO concentration. The supernatant sample was collected immediately after stabilization (day 0), after which oxygen and nitrogen gases were injected, and 10 mL of the supernatant sample was collected on days 1, 2, 3, 4, 6, 8, 10, and 12. This sample was filtered with a 0.45-µm filter syringe and refrigerated at 4 °C until analysis. The supernatant samples were analyzed for TN and TP using an automatic water quality analyzer (SYNCA, BRAN + LUEBBE TEC., Norderstedt, Germany). Ammonia nitrogen (NH4-N), nitrate nitrogen (NO3-N), and phosphate phosphorus (PO4-P) were analyzed using an automatic nutrient analyzer (AACS5, BRAN + LUEBBE TEC., Norderstedt, Germany). Each measurement was tested for accuracy with a certified reference material and the recovery was measured to be 90-110%. The supernatant samples were analyzed for TN and TP using an automatic water quality analyzer (SYNCA, BRAN + LUEBBE TEC., Norderstedt, Germany). Ammonia nitrogen (NH 4 -N), nitrate nitrogen (NO 3 -N), and phosphate phosphorus (PO 4 -P) were analyzed using an automatic nutrient analyzer (AACS5, BRAN + LUEBBE TEC., Norderstedt, Germany). Each measurement was tested for accuracy with a certified reference material and the recovery was measured to be 90-110%. The release rate was quantified by analyzing the variation in the supernatant concentration according to the elapsed time (T) based on Fick's law. The concentrations of organic matter and nutrients on the sediment surface of a certain area (A) were analyzed and the supernatant of a certain volume was measured at T. The release rate of the sediments was calculated as follows:
where C i is the initial concentration of the organic matter and nutrients (g N or P/L); C a denotes the subsequent concentrations of the organic matter and nutrients (g N or P/L); V is the capacity of the reactor (L); T is the time (d); and A is the area of the reactor (m 2 ).
Results and Discussion
We analyzed the concentration variations of organic matter and nutrients in the supernatant during our sediment core culture experiments. The release analysis conditions of the supernatant are shown in Table 4 . The release rates of organic matter and nutrients from sediments from the four study sites were analyzed according to the following factors: year of construction, pollution source, and environmental conditions. Furthermore, the release characteristics of the sediments were compared with the pollutant loads to the reservoir and analyzed to determine their influence rate.
Concentration Variations in Organic Matter and Nutrients in the Study Area
The results of the release analysis showed that the NO 3 -N concentration increased and the NH 4 -N concentration decreased under oxic conditions in all the studied reservoirs. Furthermore, the concentrations of NH 4 -N, TP, and PO 4 -P increased over time in the supernatant of all the samples under anoxic conditions, and the release results for the control sample differed for the analyzed characteristics for each study site.
The variations in the concentrations of organic matter and nutrients, with the release time, are shown in Figure 3 (Y reservoir) and Figure 4 (I reservoir). Reservoir Y, which received livestock pollution loads, showed a decrease in COD concentration under oxic conditions over time. This is because easily decomposable organic matter is deposited on the sediments. As the oxygen supply increases, the aerobic microorganisms decompose the organic matter using oxygen as an electron acceptor; however, the organic matter concentration is reduced by molecular diffusion in the water. In contrast, the COD concentrations were not significantly reduced under oxic conditions in the other reservoirs. No specific variation with changes in conditions was detected in the release results for TN.
However, the concentration change was remarkable during the initial five days of the release analysis, after which it remained stable, with little change under oxic and anoxic conditions at all sites. The concentration of NH 4 -N increased gradually and decreased after six days in the control. Additionally, NH 4 -N showed clearly opposite trends, with an increase in concentrations under anoxic conditions and a decrease under oxic conditions. It appears that the concentration of NH 4 -N increased because of the inhibition of nitrification under anoxic conditions. We consider NH 4 -N to have been released from the sediments into the supernatant by diffusion, with the decomposition of the organic matter on the sediments because of the concentration gradient in the diffusion boundary layer.
Conversely, the concentration of NO 3 -N was higher under oxic conditions. This is because NH 4 -N in the pore water was nitrified actively to NO 3 -N by continuous oxygen supply, and the diffusion release of NH 4 -N was suppressed. Under oxic conditions, NH 4 -N flowed from the water into the sediments, and NO 3 -N flowed from the sediments into the water. In this manner, depending on the concentration of oxygen in the water, the organic matter and nutrients in the sediments were affected by chemical reactions and the chemical composition was determined, thereby altering the material exchange process between the sediments and water. We conclude that ammonification, nitrification, and denitrification selectively proceeded depending on the environmental conditions indicated by the DO concentrations, which affected the variations in concentrations of the organic matter and nutrients in the supernatant. TP and PO4-P showed a gradual increase in the control but little change under oxic conditions. On the other hand, they showed a tendency to increase remarkably under anoxic conditions because of the accelerated release of phosphorus by biogeochemical reactions in the supernatant and pore water with variations in the DO concentration. Phosphorus is known to adsorb on iron oxide (Fe 3+ ) in the oxidation environment and dissociate from iron oxide (Fe 3+ ) in the reduction environment, after which it exists in ionic form with Fe 2+ in the pore water [14] . The release of phosphorus from sediments was significantly influenced by the oxidation-reduction environment of the diffusion boundary layer between the sediments and supernatant. Moreover, the distribution of the chemical species in the water and sediments varied with the oxygen concentration in the water. Our results are comparable with the findings of other studies [34, 35] . TP and PO4-P showed a gradual increase in the control but little change under oxic conditions. On the other hand, they showed a tendency to increase remarkably under anoxic conditions because of the accelerated release of phosphorus by biogeochemical reactions in the supernatant and pore water with variations in the DO concentration. Phosphorus is known to adsorb on iron oxide (Fe 3+ ) in the oxidation environment and dissociate from iron oxide (Fe 3+ ) in the reduction environment, after which it exists in ionic form with Fe 2+ in the pore water [14] . The release of phosphorus from sediments was significantly influenced by the oxidation-reduction environment of the diffusion boundary layer between the sediments and supernatant. Moreover, the distribution of the chemical species in the water and sediments varied with the oxygen concentration in the water. Our results are comparable with the findings of other studies [34, 35] . DO had a significant effect on phosphorus because of the changes in pH or the redox potential. In this study, measured pH was approximately 7-9, showing no substantial change under oxic and TP and PO 4 -P showed a gradual increase in the control but little change under oxic conditions. On the other hand, they showed a tendency to increase remarkably under anoxic conditions because of the accelerated release of phosphorus by biogeochemical reactions in the supernatant and pore water with variations in the DO concentration. Phosphorus is known to adsorb on iron oxide (Fe 3+ ) in the oxidation environment and dissociate from iron oxide (Fe 3+ ) in the reduction environment, after which it exists in ionic form with Fe 2+ in the pore water [14] . The release of phosphorus from sediments was significantly influenced by the oxidation-reduction environment of the diffusion boundary layer between the sediments and supernatant. Moreover, the distribution of the chemical species in the water and sediments varied with the oxygen concentration in the water. Our results are comparable with the findings of other studies [34, 35] .
DO had a significant effect on phosphorus because of the changes in pH or the redox potential. In this study, measured pH was approximately 7-9, showing no substantial change under oxic and anoxic conditions during the experimental period. These results indicate that the release of phosphorus accelerated under anoxic conditions because of the low redox potential and reducing state. Whereas the change in the concentration of TN was small, the increase in the concentration of phosphorus was remarkable. These results indicate that phosphorus concentrations caused by sediment release should continue to be monitored.
The variations in the concentrations of organic matter and nutrients of reservoir I, which received pollutant loads from sewage sources, were similar to those of reservoir Y. Except for NO 3 -N, the concentrations of NH 4 -N, TP, and PO 4 -P increased significantly under anoxic conditions. On the other hand, under oxic conditions, the concentration of NO 3 -N increased significantly, and those of NH 4 -N and TP tended to decrease continuously. This is similar to the observations noted for reservoir Y, where nitrification was suppressed under anoxic conditions and ammonification of microorganisms was accelerated, leading to the release of NH 4 -N from the sediments into the supernatant. Additionally, NH 4 -N changed into NO 3 -N because nitrification was accelerated under oxic conditions, the phosphorus complex combined with the organic matter, and metal oxide was deposited on the sediments. However, a difference was detected in the tendency of the concentration change for the controls between reservoir I (reservoir E), which received pollutant loads from sewage sources, and reservoir Y (reservoir G), which received pollutant loads from livestock pollution sources. For the control group of reservoir I, TN and TP showed little or no decrease in concentration, whereas in reservoir Y (which experienced livestock pollution loads), TN and TP showed the tendency to increase continuously. Under anoxic conditions, NH 4 -N increased continuously in reservoir I over time, whereas in reservoir Y, although its initial concentration increased, the increase was insignificant.
Under anoxic conditions, the rate of ammonification differed depending on the pollution source, and the initial release concentration increased greatly, likely in accordance with the components of animal manure and feed. However, ammonification progressed slowly over time because of the decomposition. We thus deduced that the nitrogen in livestock manure was responsible for the difference in the decomposition and binding force compared with that in sewage generated from sewage sources. With regard to phosphorus, reservoir I showed a significant increase under anoxic conditions and reservoir Y showed a marked decrease under oxic conditions. These results suggest that the COD and phosphorus concentrations increased under anoxic conditions because phosphorus combined with the organic matter released from the sediments and diffused into the supernatant.
The spatial and temporal distribution maps for all four reservoirs are shown in Figure 5 so as to facilitate comprehension of Figures 3 and 4 . The maps for TP were prepared for the concentrations that show the most prominent release under anoxic conditions. This presentation can confirm the magnitude of the change in the release concentration over time in the reservoir. Figure 5 shows that the variation in the TP release concentration of reservoirs Y and G, which experienced livestock pollution, was the largest, and the release concentration was measured to be four times higher than the initial concentration after 12 days. This result suggests that dissolution of TP may occur when anoxic conditions last over several days. 
Comparison of Release Rates in the Study Area
The release rates of organic matter and nutrients for the four study sites are shown in Figure 6 and summarized in Table 5 according to the experimental conditions. These release rates varied according to the pollution source, year of construction, and experimental environmental conditions 
The release rates of organic matter and nutrients for the four study sites are shown in Figure 6 and summarized in Table 5 according to the experimental conditions. These release rates varied according to the pollution source, year of construction, and experimental environmental conditions The analyses showed that COD, TN, TP, NH 4 -N, and PO 4 -P had high release rates under anoxic conditions and exhibited relatively little or no release under oxic conditions. This result is ascribed to the release of organic matter, nutrients being reduced or suppressed as oxidation proceeds, and nitrification caused by an excess of DO under oxic conditions. 
The release rates of organic matter and nutrients for the four study sites are shown in Figure 6 and summarized in Table 5 according to the experimental conditions. These release rates varied according to the pollution source, year of construction, and experimental environmental conditions (control, oxic, or anoxic). The following factors were included in the analyses of the release rates: COD (−138.3-347.3 mg/m 2 ·day), TN (−75.9-301.2 mg/m 2 ·day), TP (−14.6-42.4 mg/m 2 ·day), NH4-N (−97.2-51.1 mg/m 2 ·day), NO3-N (−29.3-51.7 mg/m 2 ·day), and PO4-P (−0.9-31.0 mg/m 2 ·day). The analyses showed that COD, TN, TP, NH4-N, and PO4-P had high release rates under anoxic conditions and exhibited relatively little or no release under oxic conditions. This result is ascribed to the release of organic matter, nutrients being reduced or suppressed as oxidation proceeds, and nitrification caused by an excess of DO under oxic conditions. Conversely, NO 3 -N had a high release rate under oxic conditions. As nitrification progressed, NH 4 -N release was inhibited, and it did not diffuse into the water. TN tended to be released under oxic conditions in reservoir Y, which experienced pollutant loads from a livestock pollution source and is an old reservoir. These results suggest that the release rates of organic nitrogen and NO 3 -N increased as nitrification progressed under oxic conditions, and this value depends on the characteristics of livestock pollutants such as manure and wastewater. Statistical analysis of the comparison of release rates under the oxic and anoxic conditions was performed based on the construction year and pollution source type. The groups were divided according to the construction year before and after 1960. A T-test was performed using the statistical program SPSS 20.0 (Statistical Package for the Social Sciences) ( Table 6 ). In addition, a T-test was performed for the divisions of sewage and livestock pollutions (Table 7 ). A null hypothesis (H 0 : µ A = µ B ) was used to test that "the release rate of between groups is not different at a statistically significant level (α = 0.05)." The verification based on the construction year showed statistically significant difference in the PO 4 -P release value (p < 0.05) under anoxic conditions (Table 6 ). Moreover, the verification based on the pollution source type showed statistically significant differences in COD, TN, and TP release values (p < 0.05; Table 7 ). In other words, in the divisions based on construction years and pollution source types, it was confirmed that there may be differences in the significance level according to the items under the anaerobic conditions. NH 4 -N does not follow the normal distribution and is excluded from Tables 6 and 7 .
Depending on the type of pollution source, the release rates in the old reservoirs were high for each pollution source. Except for the release rate of TN from sewage pollution sources, all the results showed positive release rates under anoxic conditions, which were particularly pronounced for COD, TN, TP, NH 4 -N, and PO 4 -P. However, NO 3 -N showed a positive release rate under oxic conditions, with a higher rate in the old reservoirs despite the pollution source.
Regarding the release rate for each pollution source according to the reservoir construction year, the organic pollutant release rate was higher from the livestock pollution source than the sewage pollution source under anoxic conditions. However, NO 3 -N showed a higher release rate for the latter pollution source under oxic conditions. This finding can be ascribed to the denitrification effect of nitrite and nitrate and to the biological activity in the sediments.
The release rates of organic matter and nutrients were high in the old reservoirs and more prominent in the reservoirs affected by livestock pollution. Furthermore, the positive or negative release rates had similar characteristics depending on the type of pollution source rather than the construction year, as shown in Figure 6 . We therefore deduced that the effect of water pollution on the reservoir owing to sediment release under anoxic conditions was greater than that under oxic conditions. Accordingly, sufficient aeration is required when the bottom of the reservoir becomes anoxic. For old reservoirs subject to livestock pollution sources in particular, priority must be given to sediment management. Additionally, it is necessary to control and manage the release of contaminants from sediments by supplying oxygen to the bottom water of reservoirs during every season.
Comparison of Pollutant Loads and Release Fluxes in the Study Area
The correlation characteristics for the pollutant loads and release of organic matter and nutrients from sediments in the studied reservoirs were analyzed and compared. The average daily release fluxes (kg/day) were calculated using the total area occupied by the water and the release rate estimated from the release experiments. Data of the pollutant loads was obtained from agricultural-water-monitoring reports [26] . This information is summarized in Table 8 . The results showed that the release fluxes of organic matter and nutrients differed according to the pollution source, year of construction, and experimental environmental conditions (control, oxic, or anoxic) at the study sites. If the concentrations of nitrogen or phosphorus in sediment pore water were lower than that in the upper water layer, negative results were obtained when the nutrients migrated from the upper water layer into the pore water because of the difference in concentrations. Additionally, a negative result was noted even when the nitrogen and phosphorus concentrations increased because of microbial activity in the sediments. Therefore, the calculation of the release fluxes yielded only positive results, which could affect the contamination of the reservoir water. The daily average release fluxes were COD = 1.6-61.8 kg/day, TN = 0.1-53.6 kg/day, TP = 0.1-9.9 kg/day, NH 4 -N = 3.2-19.2 kg/day, NO 3 -N = 1.5-22.6 kg/day, and PO 4 -P = 0.1-9.8 kg/day.
We also compared the influent pollutant loads to each reservoir (Table 8 ) and the release fluxes of organic matter and nutrients under anoxic conditions, which were expected to have the greatest polluting effect because of their release from sediments. Comparing the TN and TP release fluxes with the influent pollutant loads yielded values of 43.7% and 33.8% for reservoir Y, 40.8% and 45.2% for reservoir G, 2.3% and 48.1% for reservoir I, and 3.3% and 24.9% for reservoir E, respectively. Therefore, the water quality of reservoirs Y and G (which experienced agricultural livestock pollution) could be affected to a great extent because of TN and TP release from bottom reservoir sediments under anoxic conditions. On the other hand, TN in reservoirs I and E (which experienced pollutant loads from sewage sources) was estimated to have little effect on reservoir water quality under anoxic conditions. However, TP could have a considerable effect on the water quality, and the pollution level could worsen.
In situ testing for the study was conducted while maintaining DO levels and water temperatures similar to the field conditions. However, physicochemical environmental changes that occur because of actual rainfall runoff, inflow and outflow of water, and biological environment changes from microbial activity could not be reflected accurately within the given experimental time frame. However, several other studies have obtained significant results by using the same experimental procedure, as that used for the release experiment in the current study [32, [36] [37] [38] . Several other studies have also yielded meaningful results. Therefore, we are fairly confident that our results can be considered as representative for this study's time frame.
Conclusions
This study investigated the effects of sediment release on water quality and pollution in four agricultural reservoirs in South Korea. The study analyzed the sediment release characteristics according to the year the reservoir was constructed in and its sources pollutant loads. The reservoir water quality was investigated under the following conditions depending on when the experiments were conducted: DO of 1.3-10.8 mg/L, water temperature of 4.0-29.8 • C, and pH of 5.8-9.3. We confirmed that the bottom water below a depth of 5 m in a reservoir could be anoxic. The results of the analysis of sediment characteristics showed that the fraction of fine particles (below 63 µm) in all the study sites was higher than 70%. In the old reservoirs (Y and I), the contamination degree in terms of LOI, TN, and TP was high.
Furthermore, sediments collected in the field were used for release experiments under oxic, anoxic, and control conditions by employing the sediment core culture method. The release concentration of NO 3 -N increased under oxic conditions for all the study sites and the concentrations of NH 4 -N, TP, and PO 4 -P increased under anoxic conditions. The control group showed differences in the release concentration depending on the target region and analysis factors. This result could be attributed to variations in the material exchange process between the sediments and water column in accordance with environmental changes.
The characteristics of the release rates relevant to the construction year and according to each pollution source were determined for the study sites. The release rates for each pollution source were found to be high in the old reservoirs. In particular, except for TN in the reservoirs experiencing loading from sewage sources, the release rates were positive under anoxic conditions; this was particularly pronounced for COD, TN, TP, NH 4 -N, and PO 4 -P. However, NO 3 -N showed a positive release rate under oxic conditions, and it was higher irrespective of the pollution source in the older reservoirs.
The release rates of COD, TN, and TP under anoxic conditions were higher in the reservoirs experiencing pollution from livestock compared with those experiencing pollutant loading from sewage sources. However, NO 3 -N showed a higher release rate in the latter under oxic conditions. This result can be ascribed to the denitrification effect of nitrite and nitrate, and to biological activity in the sediments.
Consequently, effective aeration technology is required to aerate the reservoir bottom water when conditions become anoxic. It is particularly important to manage the sediments of old reservoirs that experience livestock pollution, and to control and manage the release of pollutants from them by supplying oxygen to the reservoir bottom water during each season.
The sediment release characteristics of organic matter and nutrients were compared and analyzed to determine the relationship between sediment release and influent pollutant loads for the study sites. The release fluxes (internal sources) of TN and TP for the influent pollutant loads (external sources) were 2.3-43.7% and 24.9-48.1% for each reservoir, respectively. It was estimated that the sediment release of TN in reservoirs I and E (which experienced pollutant loads from sewage sources) hardly influenced the water quality under anoxic conditions. However, the sediment release of TP could have a significant effect, worsening water pollution. Additionally, TN and TP in reservoirs Y and G (which experienced livestock pollutant loads) were considered to have a considerable influence on water quality when anoxic conditions formed at the bottom of the reservoirs. Sediment release could thus worsen water pollution as an internal pollutant source. The sediment release fluxes were considerable compared with the influent pollutant loads, that is, the pollutants flowing into the reservoirs. Therefore, efforts to reduce the internal pollutant loads should continue. As the influent pollutant loads to agricultural reservoirs in South Korea vary, it is important to avoid a generalization of the results of this study on the influence of sediment release on water quality. However, water pollution caused by sediment release (i.e., an internal pollutant source) is not negligible; therefore, it is necessary to apply appropriate technologies to alleviate such pollution and to implement policies for appropriate management of reservoir sediments. As pollution control and management technologies must be applied in accordance with the sediment characteristics of each reservoir, these characteristics should be investigated carefully and monitored continuously.
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